Social behaviour is critical for survival and fitness in many organisms. The aim of this study was to examine the effects of developmental state, physiological state and their differences between individuals on the intensities of aggressive and grouping behaviours in red drum (Sciaenops ocellatus) larvae. Body size was used as a proxy for developmental state and body condition (i.e., residual of wet weight from the relationship between body size and wet weight) as a measure of physiological condition. Social interactions between two fish were observed for 30 min in a 9-l tank. We found that the duration of grouping behaviour increased as body size increased, but aggressive behaviour was less frequent as body size and condition increased. The larger fish in a trial tended to be aggressive to the smaller one, and fish of similar sizes tended to show grouping behaviour. Fish that more frequently displayed aggressive behaviours tended to occupy the lower part of the water column. Body size and condition were important determinants of social interactions between red drum larvae. Our results suggest competitive disadvantage for the larvae from late cohorts when they recruit to the nursery habitats where larger larvae from early cohorts have already occupied.
Introduction
Social behaviour, such as aggression and cooperation, has evolved in many organisms to increase fitness. Organisms try to maximize individual fitness by competing for resources, such as food, territories, or mates, or by cooperating with other individuals (Krebs & Davies, 1993) . Although social behaviour may improve an individual's fitness, it often has costs. For example, territoriality can result in exclusive access to resources that are critical for fitness, such as food, shelter and mates (Maher & Lott, 2000) , but engaging in fighting is costly in terms of energy and time (Briffa & Sneddon, 2007) . Grouping behaviour can increase fitness as well, by decreasing predation pressure, increasing foraging efficiency, and increasing mating success (Dugatkin, 2002) . In migratory animals, grouping behaviour also increases the accuracy of choosing migratory routes (Couzin et al., 2005) . On the other hand, large group size increases conspicuousness to a predator (Krause & Godin, 1995) , competition for food (Johnsson, 2003) , and risk of disease transmission (Côté & Poulin, 1995) . Therefore, the balance between the costs and benefits of social behaviour determines whether it is better to be aggressive or cooperative in a particular environment (Komdeur, 2006) . An individual's developmental state and its physiological condition play a critical role in social behaviour. For example, American lobster (Homarus americanus) become aggressive with the development of claws (Lang et al., 1977) , and chub mackerel (Scomber japonicus) first begin to display shoaling behaviour during metamorphosis (Nakayama et al., 2007) . Food may be more valuable to animals in poor physiological condition than to those in good condition. In dark-eyed junco (Junco hyemalis), individuals in poor condition are more aggressive (Cristol, 1992) . Also, to avoid food competition, hungry three-spined stickleback (Gasterosteus aculaetus) spend less time in a shoal than satiated individuals (Krause, 1993) . Growth rate and age may also affect social behaviour (Jönsson et al., 1998; Côté, 2000; Vøllestad & Quinn, 2003) , but the published results lack consistency. Phenotypic differences between competing animals also help determine the nature of interactions. Many studies have reported the effect of differences in body size and condition on social behaviour. Fighting intensity in male jumping spiders (Euophyrys parvula) escalated when the difference in carapace length between the two individuals was smaller (Wells, 1988) . In female house finch (Carpodacus mexicanus), aggressive interaction was also escalated when the difference in body condition (ratio of body mass to body length) was smaller (Jonart et al., 2007) . However, smaller difference in body size is also known to facilitate shoaling behaviour in many fishes (Pitcher et al., 1986; Ward & Krause, 2001 ).
Social behaviour is mutual and cannot be of individual decision because behaviour of one individual affects that of others (Maynard Smith, 1982) . Also, a complex suite of phenotypes, such as developmental state and physiological condition, affects social behaviour. Therefore, it is important to measure the effect of individual phenotypic traits on social behaviour as well as the effect of differences in these traits between interacting individuals in order to understand the mechanism of decision-making in social behaviour. However, there are few studies that combine both the developmental state and physiological condition of a focal animal and their relationship to the opponent's traits (e.g., Jonart et al., 2007) .
We used larval red drum (Sciaenops ocellatus) to investigate the relationship between body traits and social behaviour. Depending on conditions, larval red drum show both aggressive and cooperative (grouping) behaviour with conspecifics. Their synchronous batch-spawning reproductive strategy over a 2-3 month period during Autumn (Peters & McMichael, 1987) , when water temperature decreases by 7-9
• C from about 31
• C (Rooker et al., 1999) , results in co-occurrence in the nursery habitat of conspecific larvae that differ in size, age, and physiological condition. In the early season, the nursery habitat is occupied only by the first cohort and, thus, the variability in size and condition is relatively narrow. As the season progresses, however, successive cohorts overlap thereby increasing size variability in the nursery habitat. Also, the seasonal decline in water temperature lowers the growth rate and alters the condition of larvae from late cohorts, which exaggerates the phenotypic variability among red drum in the nursery habitat. The high density of red drum larvae in the seagrass meadows (sometimes >11 individuals/m 2 ) and wide range of sizes (8-25 mm standard length, Rooker et al., 1999) represent ideal conditions for a variety of social interactions among conspecifics. If interactions are aggressive and smaller individuals are disadvantaged, social behaviour could interfere with growth and survival of larvae depending on their arrival to the nursery habitat.
We experimentally investigated how social behaviour is determined by the individual's developmental state (measured as a body size), physiological condition (measured as a body condition) and differences in these states between two individuals that interact with each other. We tested whether social behaviour affects the vertical position of fish by comparing the average vertical position of a fish before and after encountering a conspecific.
Material and methods

Life history of red drum
Red drum inhabit subtropical to temperate coastal waters in the Gulf of Mexico and western Atlantic Ocean (Hoese & Moore, 1998) . Males mature in 3 years and females in 5 years, which is about 70 cm and 75 cm fork length, respectively (Hoese & Moore, 1998; Beckman et al., 1988) . There is no difference in length-weight relationships between adult males and females (Beckman et al., 1988) . Females spawn multiple times synchronously during Fall (Comyns et al., 1991) near estuaries (Holt et al., 1983) . During a 2-week pelagic stage, larvae are transported into estuaries mainly by tidal currents and settle at about 7 mm standard length (Holt et al., 1983) . In Texas bays, red drum larvae settle mainly on shallow (0-1.5 m in depth) seagrass meadows (Pérez-Domínguez, 2004) , in which seagrass heights range from 12 to 26 cm (Holt et al., 1983) . Red drum spanning a wide range of sizes (about 7-25 mm standard length) are found in the centre of seagrass meadows, but only smaller individuals (8-12 mm standard length) occur in the deeper edges of these habitats (Pérez-Domínguez, 2004 ).
Husbandry and experimental procedures
Red drum eggs were obtained from captive spawning of wild-caught adults at the Coastal Conservation Association/Central Power and Light Marine Development Center (Corpus Christi, TX, USA). Spawning was induced by manipulating photoperiod and temperature. Eggs of two batches (27 October and 9 November 2005) were obtained from a single pair of adults and transferred to a laboratory at The University of Texas Marine Science Institute (Port Aransas, TX, USA) within 18 h after spawning. After treating eggs with 1 × 10 −5 % formalin for 30 min to prevent fungal infections, approximately 5000 viable eggs from the same spawn were put into each of two 60-l fibreglass conical tanks (60 cm maximum diameter). Temperature and salinity in both tanks were kept at an average of 26.9
• C and 27.4 ppt, respectively. The daily photoperiod was set for a 12-h light and 12-h dark cycle. Eggs hatched on the next day. Beginning the day after hatching, fish were fed 4×10 5 rotifers (Brachionus spp.) enriched with nutrients for 45 min (Algamac-2000, Aquafauna Bio-Marine, Hawthorne, CA, USA) in each tank daily until 11 days after hatching. From 12 days after hatching, fish were fed 6 × 10 4 enriched Artemia salina nauplii.
Behavioural interactions were observed for pairs of individuals from the same spawn but separate rearing tanks. Therefore, individuals tested were reared under the same conditions but never encountered each other before. From 18 to 34 days after hatching, one individual was netted randomly from each of two rearing tanks; fish that showed obviously abnormal behaviour were avoided. At 1800 h, each fish was put into one side of a 9-l Plexiglas tank (40 × 15 × 15 cm), which was divided vertically into two compartments by an opaque plastic partition, and the two fish were allowed to acclimate overnight. Three walls of the tank were covered with neutral grey paper with grids at 5-cm intervals for the convenience of observation, and behaviour of the fish was observed through the fourth wall. The bottom of the tank was covered with sand and a single piece of artificial seagrass (5 cm tall, 3 cm wide) was placed in the centre of the bottom for shelter. Water temperature and salinity in the experimental tanks were about 23.5
• C and 27.0 ppt, respectively.
Observations were performed between 1300 and 1800 h on the next day. First, one of the two fish was randomly assigned as a focal fish, and its vertical position from the bottom of the tank (in cm) was recorded once per minute for 5 min. Then, the partition was gently removed, and vertical position of the focal fish was recorded every 2 min for 20 min, and then once at 25 and 30 min. Meanwhile, the number of behavioural interactions (aggression and avoidance) and duration of grouping behaviour between the two individuals was recorded. Aggression was the sum of the number of displacements and attacking behaviours. Displacement was defined as one fish approaching the other from behind without an abrupt increase in swimming speed and displacing it to another position. Attacking behaviour was defined as one fish approaching the other with rapid acceleration. In most cases attacking behaviour was from behind, but sometimes it occurred face to face followed by staring at each other for a few seconds without moving. Avoidance was defined as one fish accelerating rapidly without receiving apparent aggressive behaviour from the other fish. Grouping behaviour was defined as two individuals swimming closely (arbitrarily established as within 5 cm of each other, approximately 2-7 body lengths) at approximately the same speed and direction. During grouping behaviour, two individuals usually swam side by side, and demonstrated no preference for being ahead of or behind the other. After the observation period, digital pictures of the fish were taken using a microscope, and total length of each individual was measured to the nearest 0.01 mm using an image analysis software (Image J; National Institutes of Health, http://www.nih.gov), and wet weight was measured to the nearest 1 mg.
Trials were conducted from 15 November to 14 December 2005, with 3-6 pairs of fish per day, 101 trials in total (63 pairs from the first batch, 38 pairs from the second batch). Length-specific instantaneous growth coefficient of each individual (g) was calculated using an exponential growth model:
where t denotes days after hatching. The initial total length (2.0 mm) was used from our data on newly hatched red drum larvae (A.F. Ojanguren, unpublished data). Body condition was estimated for each fish as the residual from a log length-log wet weight regression of 202 fish used in the experiment (see Froese, 2006) . It was impossible to identify sex of the fish at larval stages; sex was not inspected.
Statistical analysis
Using a generalised linear model, total number of aggressive events, total number of avoidance events, and total duration of grouping behaviour were analysed with respect to traits of the focal fish and the difference of these traits between the two fish. The independent variables were total length, condition, and growth coefficient of the focal fish as well as the differences in total length and condition between the two fish in each trial. A batch identifier was also included in the analyses. Differences in length and condition between the two fish were calculated by subtracting length or condition of the opponent from that of the focal fish in a pair when analysing the number of aggressive events and avoidance. For analysing the duration of grouping behaviour, differences were calculated as the absolute value of the difference between the two fish because grouping behaviour is a mutual behaviour. Age was omitted from the model because it was mostly explained by total length and growth coefficient of the focal fish (R 2 = 0.95). Difference in growth coefficient between the focal fish and opponent was not included in the model because the two fish tested were always at the same age, giving such a calculation no more information than total length alone. For the analyses of the numbers of aggressive and avoidance events, Poisson distribution for the response variables and log link function were specified in the models taking into account the attributes of the response variables. This allows us to deal with the heteroscedasticity of response variables without transformation. For the analysis of the duration of grouping behaviour, gamma-Poisson distribution and log link function were specified (McCullagh & Nelder, 1989) . Parameters for the explanatory variables were estimated using maximum likelihood estimation and models were simplified by removing the least significant explanatory variables from the models until the Akaike information criterion did not decrease further (Akaike, 1974) .
A general linear model was applied to the mean vertical position of the focal fish, measured from the bottom of the tank, before encounter and after encounter. Dependent variables were total number of aggressive events performed by the focal fish, total number of aggressive events received by the focal fish, total number of avoidance events, total duration of grouping behaviour, mean vertical position of the focal fish before encounter and batch identifier. The model was then simplified using backward elimination method. All statistical analyses were performed with SPSS 16.0 (SPSS, Chicago, IL, USA) using the α = 0.05 level of significance.
Results
Of 101 trials, total lengths of the focal fish ranged from 7.5 to 23.5 mm, and the difference in length between two individuals ranged from 0.1 to 10.7 mm. Body conditions of the focal fish and the difference in condition ranged from −0.19 to 0.16 and 2.5 × 10 −4 to 0.2, respectively. Growth coefficients of the focal fish were from 0.036 to 0.101, ages ranging from 18 to 34 days after hatching.
Total number of aggressive events performed by a focal fish was negatively related to total length and condition of the focal fish and positively related to differences in total length and condition between the focal fish and opponent (Table 1) . Growth coefficient was removed from the model because it did not decrease the Akaike information criterion. Condition and difference in total length were negatively related to total number of avoidance events, but other variables (growth coefficient, difference in condition and total length) did not affect the number of avoidance events and were removed from the model (Table 2) . Total duration of grouping behaviour increased with total length of the focal fish and decreased with increasing absolute value of the difference in total length and absolute value of the difference in condition (Table 3) . A focal fish's mean vertical position from the bottom after encounter was negatively related to total number of aggressive events performed by the focal fish (F 1,98 = 5.04, p = 0.027, Figure 1) , and was positively related to mean vertical position before encounter (F 1,98 = 26.03, p < 0.001). These two variables significantly explained the mean vertical position of a focal fish after encounter (F 2,98 = 17.43, p < 0.001). Total duration of grouping behaviour (p = 0.891), total number of avoidance events (p = 0.525), and total number of aggressive events received by a focal fish (p = 0.551) did not have significant effects and, thus, were removed from the model. There was no significant effect of batch in any of the analyses (p > 0.05). 
Discussion
A fish displayed aggressive behaviour more frequently when (1) it was small (earlier developmental state), (2) it was bigger than its opponent, (3) it was in poor condition and (4) the condition of its opponent was even poorer. Those aggressive fish moved to the lower part of the water column after encountering an opponent. Avoidance occurred more often when (1) the focal fish was smaller than its opponent and (2) it was in poor condition. Grouping behaviour lasted longer when (1) the two fish were close in size, (2) the fish were large (later developmental state) and (3) they were of similar condition. Growth coefficient did not contribute in any predictable way to interactions as measured here. These results show that phenotypic traits of an individual, especially length (developmental state), body condition, and how they differ between two individuals are determinants of social behaviour in larval red drum. Since size and size difference are important determinants of the nature and degree of social interactions, the variability in size found on nursery grounds through the season should influence the social interactions, and possibly survival of larvae. Fish from the early cohorts may be aggressive to fish from later cohorts and interfere with their feeding and predator avoidance. Also, fish from later cohorts may become more vigilant to avoid interactions with fish from early cohorts, resulting in less time for foraging and reduced growth. Aggressive behaviour by larger red drum directed to smaller individuals may affect the settlement of the small ones. In coral reef fishes, Almany (2004) reported that prior residents use aggressive behaviour to prevent the settlement of newly arriving fish. Therefore, the synchronous batch-spawning strategy in red drum, which increases size variability of offspring in the nursery grounds compared to a single synchronous spawning strategy, may be disadvantageous for fish from the late cohorts.
Aggressive behaviour occurred in the smallest fish examined (7.5 mm total length), suggesting that onset of aggressive behaviour in red drum is before or around the beginning of the settlement stage. Phenotypic differences between individuals seem to be important for aggressive behaviour. Individuals with larger body size or better condition tend to show more frequent aggressive behaviour toward individuals with smaller body size or poorer condition. These individuals of larger body size or better condition are more likely to win the contest and individuals of smaller body size or poorer condition are more likely to pay a cost for fighting (Huntingford & Turner, 1987) . As a consequence, the competitively inferior fish may choose to avoid encounters that would expose them to aggressive behaviour and thereby reduce the risks of increased energy expenditure (Wilson et al., 1990) , decreased time available for foraging (Ruzzante & Doyle, 1991) , decreased vigilance to predators (Jakobsson et al., 1995) , and increased risk of injury by retaliation (Leimar et al., 1991) . One way of avoiding such encounters in nature is for smaller red drum to occupy different parts of the nursery habitat. Observations that smaller red drum larvae are in greater abundance around the periphery of seagrass bed (Pérez-Domínguez, 2004 ) support this idea.
Aggressive behaviour was displayed more frequently when individuals were in poorer condition. This may result from a difference in the value of particular resources depending on physiological condition; individuals in poor condition might place more value on certain resources for their survival than individuals in good condition (McNamara & Houston, 1990; Dugatkin & Ohlsen, 1990) . Even though no food was provided in this experiment, the display of aggression may affect the relationship between two individuals and, therefore, acquisition of future resources. In a pair, aggression was displayed more frequently by the individual that was in better condition than its poorer condition opponent. This implies that physiological condition relative to an opponent is also important for the aggressive behaviour, as well as the absolute physiological conditions of the individuals. Thus, aggressive behaviour might escalate when individuals are in poor condition and the opponents are in even poorer condition. Food abundance relative to fish density would likely change the physiological condition of individuals and subsequently affect the nature and intensity of aggressive behaviour in the wild.
Young red drum are known to be cannibalistic when reared in tanks at elevated densities (Chang & Liao, 2003) . The aggressive behaviour observed in our trials were, however, not solely an attempt at cannibalism because aggressive behaviour was also observed when the two fish were at similar sizes, or even from smaller to larger individuals. If this is the case, aggressive behaviour should have been observed only from larger individuals to smaller individuals because red drum can only eat conspecifics that are smaller due to the limitation of gape size (Fuiman, 1994; Krebs & Turingan, 2003) . However, we cannot entirely exclude the possibility of cannibalism, considering that individuals with poorer condition were more aggressive.
Many fish species develop schooling behaviour sometime during the larval period (Hunter & Coyne, 1982; Gallego & Hearth, 1994; Nakayama et al., 2007) . The ontogenetic increase we observed in the duration of grouping behaviour in red drum larvae may reflect an increasing benefit of grouping behaviour. When they are small, their strategy might be to grow out of a period of high size-based vulnerability to predators, whereas when they are big enough to sacrifice growth for survival, they may begin using grouping behaviour to increase survival. It seems unlikely that a group of only two individuals could create a confusion effect to increase survival (Landeau & Terborgh, 1986; Krause, 1994) , but a group of two could increase survival by increasing vigilance against a predator (Brown & Warburton, 1999) or increased time available for other activities by cooperative predator inspection (Dugatkin & Alfieri, 1991) . The cost of resource competition within a group (Grand & Dill, 1999) would also affect grouping behaviour. Our results suggest that fish can benefit most from grouping behaviour by associating with others of similar size and condition. This may be because fish of smaller size or poorer condition would be competitively inferior (Metcalfe & Thomson, 1995) and, therefore, association with individuals of larger size or better condition would impair their survival.
Avoidance can be interpreted as vigilance or an action that reduces costs of fighting. Avoidance was observed more frequently when individuals were smaller than their opponents, which is the opposite trend of aggressive behaviour. This indicates that fish change their behaviour from avoidance to grouping to aggression as their size increases relative to their opponent. The decision between aggressive and grouping behaviour would change depending on resource abundance and predation pressure (Huntingford & Turner, 1987; Krause & Ruxton, 2002) . Scarce resources would create an agonistic environment, whereas high predation pressure should favour grouping behaviour.
We did not expect that the intensity of aggression received by a focal fish would not change its vertical position in the water column. Assuming that the lower part of the tank was a preferable habitat, individuals that received more aggressive behaviour should have been displaced to the less preferred upper part of the tank. Instead, more aggressive individuals moved to the lower part of the tank. One possible explanation is that the posturing of aggressive behaviour prefers lower position in the water column. Moving down the water column may be advantageous in aggressive interactions. Another possible explanation is that a balance between costs and benefits for resources changes depending on the presence of the opponents. For example, in migratory birds, the competitively superior males arrive at the nesting sites earlier regardless of the higher risk of predation so that they can be competitively superior (Kokko, 1999) . When red drum are alone, they may not need to remain in the habitat with low predation risk if it is not the best foraging site, whereas competitive environments would change the relative value of the habitat. The depth of the experimental tank (15 cm) was enough to reflect their vertical positions in the wild because they inhabit in the seagrass meadows, which height was about 12-26 cm (Holt et al., 1983) .
Would the relationships observed in our experiments be different if the experiment were conducted with genetically unrelated individuals or with different batches of eggs? Firstly, kin discrimination by odour and subsequent aggression toward non-kin has been studied intensively in salmonids (e.g., Brown & Brown, 1993 , 1996 , but kin discrimination would be less likely under field conditions (Griffiths & Armstrong, 2000) . It might be advantageous for nest-building, demersal spawning species to possess the ability to discriminate kin to increase parental fitness, but it would be unreasonable to expect the same ability in marine pelagic species, whose eggs are scattered and dispersed over a very large area. The probability of encountering siblings must be negligible compared to the probability of encountering non-siblings. To our knowledge, there is no example of kin discrimination in marine pelagic species (reviewed by Griffiths, 2003) . Secondly, although the magnitude might be different, we believe that the trends in relationships between size and observed behavioural traits would not change if the same experiments were conducted on genetically unrelated individuals or on different batches. In addition, all the fish tested for behavioural interactions were reared in different tanks and had not met each other before the test.
The behavioural interactions we observed could be operating on nursery grounds to alter mortality and, therefore, recruitment success. The effects of these interactions would vary with resource availability. Stunz & Minello (2001) found higher survival of newly settled red drum larvae in structurally complex habitats than in non-vegetated habitats. Aggressive behaviour and vertical segregation are unlikely to affect survival of subdominant individuals when resources, such as food and shelter, are abundant because they can swim to find other available resources. However, these interactions might have a significant impact on survival when resources are scarce. Aggressive behaviour would lead to asymmetric resource acquisition among individuals, which would result in promoting greater survival of large individuals from early batches as compared to later cohorts.
